Abstract Tumour biomarker status is being used more and more frequently to guide treatment decisions in patients with metastatic colorectal cancer (mCRC). Continued cycles of hypothesis generation and biomarker testing in retrospective, prospective-retrospective and prospective analyses from studies of the epidermal growth factor (EGFR)-targeted monoclonal antibodies (mAbs), panitumumab and cetuximab, have resulted in improved patient selection in mCRC. Initial data suggested EGFRtargeted mAb treatment should be limited to patients with KRAS exon 2 wild-type (WT) tumours, but the availability of tumour samples from large phase III studies permitted evaluation of additional potential biomarkers of activity for these agents. Subsequent analyses further refined the target population to those patients whose tumours were WT for KRAS and NRAS exons 2, 3 and 4 (i.e., those with RAS WT status). Here, we review key clinical data for panitumumab in mCRC across the lines of treatment, assessing in detail the impact of more comprehensive RAS selection on patient outcomes. Panitumumab data across first-to third-line therapy consistently demonstrate that by testing tumour RAS status, it is possible to select patients more likely to benefit from treatment.
Introduction
A predictive biomarker is a characteristic that can be objectively measured and evaluated as an indicator of treatment response (positively predictive) or lack of response (negatively predictive) [1] . Biomarker-guided treatment has the potential to improve clinical outcomes by allowing physicians to tailor therapy to those patients most likely to benefit, thereby sparing potential side effects in patients who are unlikely to respond to treatment. Avoiding treating patients who are unlikely to benefit improves the overall risk/benefit profile of targeted agents; it also has the advantage of being potentially cost-saving, in terms of reducing the use of ineffective drugs, the strain on hospital resources and the need for side-effect management.
Tumour biomarker status is increasingly used to guide treatment decisions in patients with cancer and has been a rapidly developing area of research in metastatic colorectal cancer (mCRC). Improved patient selection through the use of biomarkers is likely to be particularly beneficial in mCRC because of the heterogeneity of response amongst these patients and the costs and toxicities associated with the available targeted therapies [2] . Approximately 27-43 % of mCRC tumours harbour KRAS exon 2 mutations that lead to constitutive activation of downstream signalling pathways [3] . Results of several uncontrolled [4, 5] and phase II [6] studies led to the hypothesis that the presence of KRAS exon 2 mutations might be associated with a lack of response to the epidermal growth factor receptor (EGFR)-targeted monoclonal antibodies (mAbs) panitumumab and cetuximab ( Fig. 1 ) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Initial analyses from the 408 study comparing panitumumab ? best supportive care (BSC) with BSC alone in patients with mCRC receiving predominantly third-line treatment, supported the use of KRAS as a biomarker [13] .
As the availability of tumour samples for biomarker analysis was a requirement for entry into several phase III panitumumab trials [10, 11, 13] , prospective-retrospective analyses were possible to further test the hypothesis that tumour KRAS status may predict response to anti-EGFR therapy in mCRC. In this context, a prospectiveretrospective analysis is defined as the prospective analysis of a new biomarker hypothesis that was not prespecified at study start; these analyses are conducted on banked tumour samples from a clinical trial [16] . Wang et al. [17] defined such analyses as ''a completed or post-interim analysis from a trial where biomarker samples were collected prior to treatment initiation and where the mechanistic hypothesis would be 'prospectively specified' prior to an approved diagnostic assay testing''. Hence, the data analysis is considered a prospective analysis of the hypothesis.
As more data were generated around the sensitivity of tumours to EGFR inhibitors, there was an ongoing cycle of hypothesis generation and testing. As a result, study protocols were developed to enable prospective analysis of new biomarkers, including prospective analyses of KRAS in the phase III PRIME [10] and 181 [11] panitumumab studies ( Fig. 1 ; Table 1 ). The subsequent confirmation of KRAS exon 2 mutations as being negatively predictive of EGFR-targeted mAb efficacy led to their use being restricted to patients with KRAS exon 2 wild-type (WT) tumours [18] and meant that for the first time patients with mCRC could be specifically selected for treatment based on the molecular profile of their tumours. This was among the most important developments in personalised mCRC management in recent years.
Continued investigation of the molecular mechanisms underpinning tumour development and growth in mCRC led to the hypothesis that, even with a KRAS exon 2 WT population, other mutations might confer resistance to EGFR inhibitors. Based on the similarity between NRAS and KRAS oncogenes, and the fact that mutations in either gene at codons 12, 13, 61, 117 and 146 had similar biochemical effects [19, 20] , these additional RAS mutations were hypothesised as biomarkers of resistance to EGFR-targeted mAb activity. Furthermore, in the clinic, colorectal tumours harbour mutations at these same codons of NRAS and KRAS, and these mutations tend to be mutually exclusive within tumour cells, suggesting functional redundancy [21] . As tumour samples were available for testing, this preclinical molecular hypothesis led to prospective-retrospective analyses of the impact of tumour RAS status in the PRIME and 181 trials (Fig. 1) . The resulting data showed for the first time that mutations in KRAS beyond those in exon 2, as well as mutations in the related NRAS gene, also have a significant impact on the risk/benefit profile of panitumumab in mCRC [12, 14] . Patients whose tumours harbour RAS mutations do not Fig. 1 The cycle of hypothesis generation/testing to refine the target metastatic colorectal cancer population for panitumumab treatment. ASCO American Society of Clinical Oncology, NCCN National Comprehensive Cancer Network, NGS next-generation sequencing, PCR polymerase chain reaction, PRA prospective-retrospective analysis benefit from treatment with an EGFR inhibitor, whereas those with RAS WT status appear to gain from an improved risk/benefit profile compared with those having KRAS exon 2 WT tumours. Similar results have since been seen in retrospective analyses of older cetuximab trials [22, 23] .
Patients can, therefore, now be selected for panitumumab or cetuximab therapy based on their RAS status, meaning that patients whose tumours are WT for KRAS and NRAS (exons 2, 3 and 4) are eligible, but patients whose tumours harbour mutations in these exons should not receive EGFR inhibitor treatment [24, 25] . An ongoing study (NCT01412957) of panitumumab monotherapy in the third-line mCRC setting will be the first trial to prospectively analyse outcomes for patients based on their tumour RAS status. This is a rapidly moving field, with new data supporting the shift from KRAS to RAS testing being published regularly over the last 18 months and regulatory bodies in Europe responding quickly to these advances, updating the labels of both panitumumab and cetuximab to reflect the need for RAS testing in mCRC [24, 25] . Here we review the key clinical data for panitumumab in mCRC across the lines of treatment, and assess in detail the impact of more comprehensive RAS selection on patient outcomes.
First-Line Setting
There have been four key first-line panitumumab trials in patients with mCRC, including a total of 1699 patients. Prospective and prospective-retrospective analyses of tumour samples from these studies have allowed RAS status to be determined for 1500 (88 %) of the included patients. PRIME, the largest of these trials, was conducted in an unselected patient population, as was the 314 study, whereas PEAK and PLANET only included patients with known KRAS exon 2 WT status.
2.1 Phase III Data-The PRIME trial PRIME (NCT00364013) was a randomised (1:1) phase III study comparing the efficacy and safety of first-line panitumumab 6.0 mg/kg once every 2 weeks (Q2W) ? FOLFOX4 versus FOLFOX4 alone in patients with previously untreated mCRC [10] . PRIME was the first randomised, first-line study in which results were prospectively analysed by tumour KRAS exon 2 status. A key inclusion criterion was that paraffin-embedded tumour tissue from the primary tumour or metastasis had to be available for central biomarker analyses. Importantly, sufficient tumour tissue was collected to enable additional hypothesis-driven biomarker analyses after the primary efficacy analysis had been conducted.
In PRIME, a prespecified mutational analysis was conducted on banked tumour samples that were previously characterised as KRAS exon 2 WT to test for mutations in NRAS exon 2 (codons 12 and 13), and KRAS and NRAS exons 3 (codon 61) and 4 (codons 117 and 146). Assessment of tumour BRAF status was also prespecified (exon 15 codon 600). Gene alterations in KRAS and NRAS exon 3 (codon 59) were investigated as an exploratory endpoint. The RAS WT population, therefore, included 
Impact of KRAS Exon 2 Status
Overall, 1183 patients were randomised in PRIME. In total, 1096 patients (93 %) had tumour KRAS results, of whom 656 (60 %) were found to have KRAS exon 2 WT tumours. The primary analysis from this study was prespecified to be performed when [50 % of patients with KRAS exon 2 WT mCRC had died from any cause. In the primary analysis (54 % of patients had died at this point), panitumumab ? FOLFOX4 significantly improved progression-free survival (PFS) compared with FOLFOX4 alone in patients with KRAS exon 2 WT tumours ( 
Impact of RAS Mutations on Efficacy
RAS ascertainment rates in PRIME were high, with tumour RAS status determined for 1060 of the 1183 (90 %) patients randomised in this study; among those 1060 patients, 512 (48 %) were found to have RAS WT mCRC [12] . Of the 620 patients with KRAS exon 2 WT tumours who could be evaluated for tumour RAS status, 108 (17 %) had mutations elsewhere in either the KRAS or NRAS genes. Sites of the RAS mutations found in the PRIME study are shown in Fig. 2a . A further seven patients had mutations in codon 59 of KRAS or NRAS exon 3, which were not originally prespecified for analysis-these patients were excluded from the exploratory analysis population (n = 505). Tumour RAS/BRAF ascertainment rate was also high, with evaluable samples available for 89 % (1047/1183) of patients. Of the 619 patients with KRAS exon 2 WT mCRC who were evaluated for tumour BRAF status, 53 (9 %) were found to have BRAF V600E mutations.
In the primary RAS analysis, PFS, OS and ORR were significantly improved in patients with RAS WT tumours receiving panitumumab ? FOLFOX4 versus FOLFOX4 alone ( In an additional analysis, BRAF MT status was found to be a negative prognostic factor. In the 446 patients with neither RAS nor BRAF mutations, panitumumab ? FOLFOX4 was associated with a 1.6-month improvement in PFS (HR 0.68 Tumour shrinkage is an important treatment aim for patients with mCRC as it increases the possibility of potentially curative surgical resection [27] and would also be expected to be accompanied with symptom relief. The presence of early tumour shrinkage of C30 % at week 8 has also been associated with improved PFS and OS outcomes versus shrinkage \30 % at this time point [28] [29] [30] . By week 8, significantly more RAS WT patients in the panitumumab ? FOLFOX4 versus FOLFOX4 group had achieved C30 % tumour shrinkage (59 vs 38 %; p \ 0.001) [28] . Surgical resections were performed in 14 versus 12 % of RAS WT patients (exploratory analysis population; n = 505) and complete resections were performed in 10 versus 8 % of panitumumab ? FOLFOX4 versus FOLFOX4-treated patients, respectively [28] .
Phase II Data-The PEAK Trial
PEAK (NCT00819780) was a 1:1 randomised, open-label, phase II study comparing modified (m)FOLFOX6 ? either panitumumab (6 mg/kg Q2W) or bevacizumab (5 mg/kg Q2W) as first-line treatments in patients with KRAS exon 2 WT mCRC and unresectable metastatic disease [31] . PEAK was the first randomised trial to compare the treatment effect of an EGFR-targeted mAb with that of an anti-vascular endothelial growth factor (VEGF) therapy in combination with oxaliplatin-containing chemotherapy in the first-line treatment of patients with KRAS exon 2 WT mCRC. In this study, KRAS exon 2 WT status (codons 12 and 13 were assessed) of paraffin-embedded tumour tissue had to be determined using a validated test. A prespecified extended RAS analysis was also performed, with mutations assessed in Table 2 Impact of KRAS exon 2 [10] and RAS [12, 24] status on outcomes in the PRIME trial (primary analysis data) KRAS exon 2 WT [10] RAS WT a [12, 24] Panitumumab ? [12, 24] Panitumumab ? [32] . Two clinical snapshots were reported in PEAK-an event-driven prespecified primary analysis (performed when *168 PFS events had occurred) and an exploratory analysis performed *1 year after the last patient enrolled.
Efficacy in the KRAS Exon 2 WT Population
Overall, 285 patients with KRAS exon 2 WT mCRC were randomised and comprised the primary analysis population [31] . PFS was similar between the panitumumab ? mFOLFOX6 and bevacizumab ? mFOLFOX6 arms in the primary analysis (Fig. 4a) , despite the relative dose intensity being 8 % lower in the panitumumab arm. OS outcomes were immature at the time of this analysis, with 87 deaths (31 %) reported in the KRAS exon 2 WT population overall. At the time of the exploratory analysis, 130 deaths (46 %) had been reported. In this analysis, a significant OS benefit was observed for panitumumab ? mFOLFOX6 versus bevacizumab ? mFOLFOX6 (Fig. 5a ). Post-study treatment included an EGFR-targeted mAb in 21 and 38 % of patients and included anti-VEGF therapy in 40 and 24 % of patients in the panitumumab and bevacizumab arms, respectively.
In PEAK, ORRs were similar between treatments (58 % [95 % CI 49-66] vs 54 % [95 % CI [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] ) for the panitumumab vs bevacizumab arms, respectively).
Efficacy in the RAS WT Population
In PEAK, tumour samples from 250/285 (88 %) patients underwent a prespecified extended RAS analysis and 233 [31] . The sites of mutations found in the PEAK study are shown in Fig. 2b . PFS was significantly improved in patients with RAS WT tumours receiving panitumumab ? mFOLFOX6 versus bevacizumab ? mFOLFOX6 (Fig. 4b) . The OS benefits seen in KRAS exon 2 WT patients receiving panitumumab ? mFOLFOX6 versus bevacizumab ? mFOLFOX6 were greater in the RAS WT population (Fig. 5b) 
RAS status was determined for 64 patients (83 %) in PLANET, of whom 53 (83 %) were found to have RAS WT and 11 (17 %) were found to have RAS MT mCRC [33] . Overall, in RAS WT patients, the ORR increased to 76 % and was 78 % for panitumumab ? FOLFOX4 versus 73 % for panitumumab ? FOLFIRI. In RAS MT patients, the ORR was 55 % overall and was 50 % versus 57 
Phase II Data-The 314 Trial
The 314 trial (NCT00508404) was a phase II, single-arm study in which panitumumab (6 mg/kg Q2W) ? FOLFIRI was administered to patients with previously untreated mCRC [34] . After the importance of KRAS as a biomarker was demonstrated in patients receiving anti-EGFR therapies [5, 13] , the protocol of this study was amended to enable prospective evaluation of outcomes by tumour KRAS exon 2 status. Subsequently, an exploratory analysis of panitumumab ? FOLFIRI activity by tumour RAS/ BRAF status was performed using tumour samples from participating patients with known KRAS exon 2 WT status. In this analysis, mutations were assessed in NRAS exon 2 (codons 12 and 13), KRAS and NRAS exons 3 (codons 59 and 61) and 4 (codons 117 and 146) and BRAF exon 15 (codon 600) using bidirectional Sanger sequencing.
Impact of KRAS Exon 2 Status
Overall, 145/154 (94 %) patients included in the study had KRAS evaluable samples, of whom 86 (59 %) had KRAS exon 2 WT tumours and 59 (41 %) had KRAS exon 2 MT tumours [34] . A higher proportion of patients in the KRAS 
Impact of RAS/BRAF Mutations on

Second-Line Setting
There has been one large second-line panitumumab trial, conducted in an unselected patient population (n = 1186); RAS data were available for 1014 patients (85 %). There has also been a smaller (n = 182) second-line trial conducted in patients with KRAS exon 2 WT mCRC; however, RAS analyses are not available from this study.
Phase III Data-The 181 Trial
(NCT00339183)
was an open-label, phase III, randomised (1:1) study comparing panitumumab 6 mg/kg Q2W ? FOLFIRI versus FOLFIRI alone as second-line treatments for patients who had progressed on one prior fluoropyrimidine-based mCRC therapy [11] . As the impact of KRAS mutations on EGFR inhibitor therapy became apparent, the study protocol was amended to permit data to be prospectively analysed by tumour KRAS exon 2 status.
Two clinical snapshots were reported for the KRAS exon 2 WT population in this study. The primary analyses of PFS and OS were conducted after 381 PFS events had occurred and after 407 deaths, respectively [11] . A further prespecified final analysis of PFS and OS was conducted *30 months after the last patient enrolled [36] .
Mutations were subsequently assessed in NRAS exon 2 (codons 12 and 13), KRAS and NRAS exons 3 (codons 59 and 61) and 4 (codons 117 and 146) and BRAF exon 15 (codon 600). Results of this prospective-retrospective analysis have recently been reported [14] .
Efficacy in the KRAS Exon 2 WT Population
Overall, 1083/1186 patients (91 %) in the 181 study had tumour KRAS data available, of whom 597 patients (55 %) had KRAS WT tumours [11] . In the primary analysis, a statistically significant PFS benefit was observed in the panitumumab ? FOLFIRI versus FOLFIRI group (Table 3) . There was no significant difference in OS between panitumumab ? FOLFIRI versus FOLFIRI groups, however, significantly more patients receiving panitumumab ? FOLFIRI versus FOLFIRI alone had an objective response (Table 3) .
Results of the final analysis were consistent with the primary analysis. The addition of panitumumab to FOLFIRI significantly improved PFS (median 6. 
Efficacy in the RAS WT Population
Tumour RAS/BRAF status was determined for 1014/1186 patients (85 %) in the 181 study; 107/597 KRAS exon 2 WT patients (18 %) were found to harbour additional RAS mutations. BRAF mutations were found in 45/541 patients (8 %) [14] .
In the RAS WT population (n = 421), patients receiving panitumumab ? FOLFIRI versus FOLFIRI had significantly improved PFS and a trend towards improved OS (Table 3) . Analysis of prespecified subgroups showed that the treatment benefit of panitumumab was generally consistent across subgroups, although the HR did not favour panitumumab in patients who had longer time ([6 months) to PD. RAS WT patients receiving panitumumab ? FOLFIRI had significantly longer PFS if they were aged \65 years (HR 0. 
Efficacy in the KRAS Exon 2 WT Population
One hundred and eighty-two patients with KRAS exon 2 WT mCRC were included in the initial analysis (n = 91 in each treatment arm 
Third-Line and Beyond
RAS data have been reported from one large panitumumab trial conducted in an unselected mCRC population (n = 463) who had PD following at least two chemotherapy regimens. RAS data were available for 288 patients (62 %). A second large trial (ASPECCT) compared panitumumab and cetuximab specifically in patients (n = 999) with KRAS exon 2 WT mCRC. RAS analyses are not yet available from this study.
Phase III Data-The 408 Trial
The 20020408 trial (NCT00113763) was a randomised, open-label, phase III study of panitumumab 6 mg/kg Q2W ? BSC versus BSC alone as treatment for patients with EGFR-expressing mCRC after failure of fluoropyrimidines and oxaliplatin-and irinotecancontaining regimens [39] . To ensure adequate exposure to prior chemotherapy, average dose intensity of irinotecan (C65 mg/m 2 per week) and of oxaliplatin (C30 mg/m 2 per week) were required. All but one patient in this study had received at least two prior chemotherapy lines; 37 % had received three prior lines. This study also incorporated an optional open-label extension study in which BSC patients experiencing PD in the pivotal phase III study could cross over to receive panitumumab monotherapy [40] .
A prospective-retrospective analysis from the 408 study [13] first tested the clinical hypothesis that a larger treatment effect of EGFR-targeted mAbs would be observed in patients with KRAS exon 2 WT tumours compared with patients with KRAS exon 2 MT tumours. An exploratory analysis was also subsequently performed in patients with KRAS exon 2 WT tumours to assess the impact of mutations in NRAS exon 2 (codons 12 and 13), and KRAS and NRAS exon 3 (codon 61), using massively parallel sequencing [15] .
Impact of KRAS Exon 2 Status
Of the 231 patients included in the panitumumab ? BSC arm, 208 (90 %) had biomarker data; of these, 124 (60 %) had KRAS exon 2 WT mCRC [13] . Of the 232 patients included in the BSC arm, 219 (94 %) had biomarker data; of these, 119 (54 %) had KRAS exon 2 WT mCRC. Overall, 176 BSC patients subsequently received panitumumab in the crossover study. Biomarker data were available for 167 (95 %) of the patients who underwent crossover; 90 (54 %) had KRAS WT mCRC.
In the pivotal phase III study, the treatment effect on PFS was significantly greater in patients with KRAS exon 2 WT tumours than in patients with KRAS exon 2 MT tumours [13] . Median PFS was significantly longer for panitumumab ? BSC versus BSC alone (median 12. However, OS analysis was confounded by the high proportion of patients who crossed over from the BSC arm to receive panitumumab therapy following PD.
Impact of RAS Mutations on Efficacy
Overall, 320 archival tumour samples were available from the 463 patients originally included in the 408 study, 288 of whom (90 %) provided RAS data [15] . In an exploratory analysis, panitumumab was associated with longer PFS versus BSC in patients with KRAS WT mCRC (codons 12, 
Phase III Data-The ASPECCT Trial
ASPECCT (NCT01001377) was a randomised, openlabel, phase III non-inferiority study of panitumumab (6.0 mg/kg Q2W) versus cetuximab (initial dose of 400 mg/m 2 , followed by 250 mg/m 2 once a week [QW]) in patients with KRAS exon 2 WT, chemorefractory mCRC [41] . Patients must have failed prior regimens containing both irinotecan and oxaliplatin for metastatic disease and have previously received a thymidylate synthase inhibitor (fluorouracil, capecitabine, raltitrexed, or fluorouracil-uracil). Patients in the cetuximab group received premedication with an H1 antagonist before infusion; premedication for infusion reactions was not required in the panitumumab group.
Efficacy in the KRAS Exon 2 WT Population
At the time of primary analysis (n = 999), 77 % (383/499) versus 78 % (392/500) of patients in the panitumumab and cetuximab arms had died and 477 patients in each group had progressed or died [41] . Median PFS was similar between panitumumab and cetuximab arms (4.1 vs 4.4 months, respectively; HR 1.00 [95 % CI 0.88-1.14]). For the primary endpoint of OS, panitumumab was found to be non-inferior to cetuximab (Z-score: -1.58]) . No RAS data have been reported from this study.
Safety and Tolerability
Across the KRAS exon 2 WT patients included in these studies, treatment-related grade 3/4 adverse events (AEs) occurred in 82 % of patients receiving panitumumab ? FOLFOX4 [10] , 68-78 % of patients receiving panitumumab ? FOLFIRI [11, 38] and 25 % of those receiving panitumumab ? BSC [13] . The most common grade 3/4 AEs of interest (AEs known to be associated with EGFR-targeted mAbs and/or relevant chemotherapy regimen) were integument toxicity (36 % in patients receiving panitumumab ? FOLFIRI [34] , 25 % in patients receiving panitumumab ? BSC [13] ), skin toxicity (32-36 % in patients receiving panitumumab ? oxaliplatinbased regimens [10, 31] , 31-37 % in patients receiving panitumumab ? FOLFIRI [11, 34] ) and diarrhoea (18 % in patients receiving panitumumab ? FOLFOX4 [10], 14-24 % in patients receiving panitumumab ? FOLFIRI [11, 34] , 2 % in patients receiving panitumumab ? BSC [13] ). Discontinuations due to AEs occurred in 24 % of patients receiving panitumumab ? mFOLFOX6 [31] , 29 % of patients receiving panitumumab ? FOLFIRI [38] and 7 % of those receiving panitumumab ? BSC [13] . In ASPECCT, AE profiles were generally similar for the two EGFR-targeted mAbs. However, despite the use of premedication in the cetuximab group, there was a numeric difference in the incidence of grade 3/4 infusion reactions for the panitumumab versus cetuximab group (\0.5 vs 2 %, respectively). In contrast, grade 3/4 hypomagnesaemia was numerically more frequent in the panitumumab versus cetuximab arm (7 vs 3 %) [41] .
In general, the type, incidence and severity of AEs and overall safety profile of panitumumab were similar in patients with RAS WT tumours [12, 31, 35, 42] to those previously reported for those with KRAS exon 2 WT tumours receiving panitumumab treatment [10, 13, 31, 34] .
No new safety signals were identified in these extended RAS analyses. Safety data specifically in the RAS WT population have not yet been reported in the PLANET and 181 studies. Selection of patients according to tumour RAS status does not, therefore, appear to be associated with an increase in EGFR-related toxicities.
Discussion
Preclinical and clinical studies of panitumumab support the concept that hypothesis-generating molecular analyses can be used to develop retrospective studies that inform prospective trials on the use of tumour biomarkers, to predict response to targeted anti-cancer treatment. The 'RAS story' represents a breakthrough in personalised medicine for patients with mCRC, and illustrates well how molecular selection can be developed to define patient populations for targeted oncology treatment. To date, six key panitumumab trials including a total of 3348 patients have reported extended RAS analyses, with RAS data currently available from 2802 patients (84 %), of whom 1378 (49 %) had RAS WT tumours. In the trials in which collection of tumour samples was mandatory, RAS ascertainment rates were *90 % [12, 14, 31] .
In the first- [10, 12, 31, 33] , second- [11, 14, 36] and third-line [13, 15, 42] settings overall, the efficacy benefits of panitumumab treatment were generally more pronounced in RAS WT patients than in the corresponding KRAS exon 2 WT populations, demonstrating the benefit of further refining the target patient population for this agent. Notably, median OS for RAS WT patients in the panitumumab ? mFOLFOX6 group from PEAK was 41.3 months [31] ; however, patient numbers and the number of deaths at last analysis were relatively low in this phase II study.
The impact of RAS mutations in KRAS exon 3 and 4 and NRAS exons 2, 3 and 4 appears to be similar to that of KRAS exon 2 mutations, with all mutations being predictive of a lack of response to panitumumab therapy. The impact of tumour BRAF mutations was also assessed in retrospective and prospective-retrospective analyses from some of these panitumumab studies, with data generally suggesting that these mutations are indicative of poor prognosis, irrespective of treatment received [12, 35] .
No new safety signals were noted for the RAS WT populations [12, 31, 35, 42] , with the overall safety profile being similar to that observed in patients with KRAS WT tumours [10, 13, 31, 34] . Safety profiles in all of these studies were as expected based on the mechanisms of action and previously reported data for the study treatments. In general, these studies have consistently reported negative outcomes for patients with RAS MT tumours receiving an EGFR-targeted mAb combined with oxaliplatin-containing chemotherapy [10, 12, 31, 43] . Retrospective data from clinical trials of cetuximab generally appear to support these observations [22, 23] .
Efficacy benefits have been noted on addition of cetuximab to FOLFOX4 in RAS WT patients from the first-line OPUS trial (RAS ascertainment rate: 66 % [n = 118/179]) [22] and on addition of cetuximab to FOLFIRI in the corresponding patient population in the first-line CRYSTAL trial (RAS ascertainment rate: 65 % [n = 430/666]) [23] . These data confirm the impact of tumour RAS status on efficacy of all EGFR-targeted mAbs in patients with mCRC. The efficacy and safety of these two EGFR-targeted mAbs has recently been compared in ASPECCT, the first head-to-head monotherapy study of Q2W panitumumab versus QW cetuximab in patients with KRAS exon 2 WT, chemorefractory mCRC [41] . In the primary analysis, panitumumab was non-inferior to cetuximab for OS in the KRAS exon 2 WT population; no RAS analyses have been performed to date. Safety was similar for these two agents with the exception of grade 3/4 infusion reactions (less common with panitumumab: \0.5 vs 2 %, respectively) and grade 3/4 hypomagnesaemia (less common with cetuximab 7 vs 3 %) [41] . Because of the key role of EGFR signalling in skin, skin toxicity is a common side effect of all EGFR-targeted therapies [44] . Proactive treatment with skin moisturizers, sunscreen, topical steroid and/or doxycycline is recommended to help limit the impact of these AEs on quality of life. In a recent panitumumab study comparing pre-emptive or reactive treatment (after skin toxicity developed) of skin toxicity, pre-emptive treatment reduced the incidence of grade 2 ? skin toxicities by more than 50 % and patients in this group experienced less quality-of-life impairment compared with those receiving reactive treatment [45] .
There are currently no studies investigating optimal treatment sequence of biologics in mCRC; nonetheless, head-to-head trials support the use of EGFR-targeted agents as first-line therapy, as they suggest an OS benefit for these agents relative to anti-VEGF therapy in patients with KRAS exon 2 WT mCRC, with patients with RAS WT tumours even more likely to benefit from anti-EGFR therapy [31, 46, 47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] in the RAS WT population (OR 1.93; p = 0.015), respectively [47] . The RAS analyses from FIRE-3 included 407 of the 592 patients (69 %) with KRAS exon 2 WT tumours, who had tumour tissue available [46] .
Preliminary results from the randomised, phase III Cancer and Leukaemia Group B (CALGB) 80405 trial comparing first-line bevacizumab or cetuximab combined with chemotherapy in 1137 patients with mCRC have also recently been reported [48] . In this study, 73 % of patients overall received mFOLFOX6 and 27 % received FOLFIRI as their chemotherapy backbone. Although this trial enrolled patients over a 10-year period, only 24-month follow-up data for the 11th interim analysis have so far been presented. Overall, 27 % of those receiving bevacizumab versus 32 % of those receiving cetuximab discontinued treatment due to PD. The proportions withdrawing from treatment due to an AE were also similar (56 vs 55 %, respectively). This study included patients with KRAS exon 2 WT tumours, and data from a retrospective analysis of outcomes according to RAS status have recently been reported. In this analysis, median OS was 31.2 versus 32.0 months for RAS WT patients receiving bevacizumab or cetuximab combined with chemotherapy, respectively (HR 0.9 [95 % CI 0.7-1.1]; p = 0.40) [49] .
Retrospective analyses assessing the impact of post-PD therapy on efficacy can also give insights into optimal treatment sequencing. In an analysis from the PRIME trial, RAS WT patients receiving first-line panitumumab ? FOLFOX4 followed by anti-VEGF therapy had the longest median OS. This sequence was associated with a median OS of 40 months versus 36 months for FOLFOX4 alone followed by anti-VEGF treatment (HR 0. 64 [31] .
Given the importance of tumour RAS testing, particularly for individuals in whom oxaliplatin-based chemotherapy is being planned, it is essential that RAS testing is of a sufficiently high quality to give robust results. The summary of product characteristics for panitumumab acknowledge this point and state that ''Mutational status should be determined by an experienced laboratory using validated test methods for detection of KRAS (exons 2, 3 and 4) and NRAS (exons 2, 3 and 4) mutations''. External quality assurance (EQA) programmes have a critical role in ensuring that RAS testing is carried out to a high standard [51] . For example, the European Society of Pathology EQA programme has provided recommendations and an overview of validated laboratory methods, standardised operating procedures, and accreditation criteria relevant for RAS mutation testing [52, 53] . The cost of incorporating tumour RAS testing into clinical practice is important to consider. However, these upfront costs are likely to be offset by subsequent savings in patient care (e.g., by avoiding unnecessary treatment and hospital stays in patients unlikely to respond), as was seen with the introduction of KRAS [54] [55] [56] [57] [58] and also BRAF [59] testing.
Although RAS WT status is clearly important for activity of EGFR-targeted mAbs, a proportion of patients with RAS WT tumours still do not respond to these agents, suggesting that other mutations/alterations may also impact on their activity. The PI3K pathway is partly modulated by KRAS activation during EGFR signalling and alterations in this pathway, such as PI3KCA mutations and loss of PTEN expression/activity, may also lead to lack of response to EGFR-targeted mAbs [1, [60] [61] [62] [63] [64] . Furthermore, other studies have suggested that overexpression of EGFR ligands such as amphiregulin and epiregulin may predict response to cetuximab [65] [66] [67] . However, these potential biomarkers need to be evaluated/validated in properly designed studies to assess their potential usefulness in clinical practice.
To enable biomarker analysis to continue to optimise the treatment of patients with mCRC, collection of tumour samples should be recommended for all future mCRC trials. If biomarker analyses are contemplated, then banked tumour samples may be used to perform prospective analyses prior to the primary trial analysis, potentially providing more robust data. Ideally, sufficient sample should be taken to allow biomarker analyses to continue for several years after initial trial results are published, as new biomarkers are continually being proposed that require validation in a clinical trial setting.
Currently, biopsy in solid tumours has several disadvantages, including its invasive nature and the limitation that it provides a single 'snapshot' of the tumour before treatment with biologics. In the future, liquid biopsies of circulating plasma DNA may allow for a less invasive approach to assessing biomarkers in mCRC patients: mutations detected in circulating plasma DNA show good concordance with tumour mutations, particularly when samples are paired [68] [69] [70] . When combined with sensitive molecular testing, this technique has the potential to improve patient selection and aid the early detection of PD and the emergence of resistance. For example, KRAS mutations have been detected in the sera of previously KRAS WT patients during treatment with panitumumab [71] or cetuximab [70] , in some cases up to 10 months ahead of radiographic progression [70] . Data suggest that EGFR-targeted mAb treatment causes amplification of rare, pre-existing cells harbouring these mutations in ostensibly KRAS WT tumours [71] . Recently, liquid biopsies from patients in the ASPECCT study detected EGFR S492R mutations, which appear to confer resistance to cetuximab but not panitumumab, emerging in 16 % versus 1 % of patients during cetuximab versus panitumumab treatment, respectively [72] , supporting the idea that this technique may be particularly useful for assessing biomarkers of resistance and progression. Nonetheless, further clinical studies are required to progress and refine this approach to molecular monitoring.
Most of the current evidence regarding the use of RAS as a biomarker comes from retrospective or prospectiveretrospective analyses, using banked samples from completed phase III trials. Debate continues around how much evidence is sufficient when assessing a potential new biomarker using retrospective analyses. Nonetheless, with consistent observations noted in all of these analyses, the weight of evidence from the studies reviewed here suggests that RAS mutations are a robust biomarker for a lack of EGFR-targeted mAb activity. In future studies, there may be sufficient supporting evidence to prospectively test biomarker hypotheses by randomising patients based on their biomarker status to further define the optimum patient population for EGFR-targeted mAbs. Future studies will likely prospectively evaluate the use of these agents specifically in RAS WT patients, while others will exploit the improved molecular understanding of processes underpinning tumour growth and development to assess new targeted combination treatments. Biomarker research in mCRC continues to rapidly evolve and promises to further optimise outcomes via better patient selection and improved tailoring of anti-cancer treatment to the molecular profile of individual patients' tumours.
In conclusion, data across first-to third-line therapy consistently demonstrate that by testing tumour RAS status, it is possible to select patients more likely to benefit from panitumumab therapy. Consistent effects have also been noted in trials that have reported RAS data for cetuximab in patients with mCRC. EGFR-targeted mAbs have not shown a positive risk/benefit ratio in patients whose tumours harbour mutations in any of KRAS and NRAS exons 2 (codons 12 and 13), 3 (codons 59 and 61) and 4 (codons 117 and 146); accordingly, their licensed indications in Europe now state that treatment should be confined to patients with RAS WT tumours [24, 25] . The risk/benefit profile of panitumumab is thereby improved by restricting treatment to patients whose tumours do not harbour RAS mutations. Notably, EGFR-targeted mAbs may even cause harm when combined with oxaliplatin-containing regimens in patients with RAS MT tumours, highlighting the importance of RAS testing in mCRC. Biomarker studies are ongoing in mCRC and will help to further define the optimum patient population for EGFR-targeted mAbs.
